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Abstract: Measuring the acoustic pressure in an acoustic standing wave field is essential as a means to 
study acoustic levitation and other related techniques. In this work it was shown that the pressure of an 
acoustic standing wave field could be measured on line, in a non-contact way, using a scanning Laser 
Doppler Vibrometer (LDV), where the LDV output is proportional to the integral of the acoustic pressure 
over the laser path. In the method used to measure acoustic pressure, first, the LDV outputs, υsLDV and 
υeLDV , are obtained by using both COMSOL-MATLAB-based (CM) co-simulation and through 
experimental measurements. Next, the acoustic pressure distribution is obtained using a MATLAB-based 
programme and this is reconstructed by using υsLDV and υeLDV , based on the Hankel-Fourier (HF) 
algorithm. Further, the acoustic pressure measurements obtained by using these two methods are cross 
compared, in that way to demonstrate the effectiveness of the method presented.
Index terms: Acoustic standing wave field, acoustic pressure measurement, laser Doppler vibrometer 
(LDV), LDV output, Hankel-Fourier (HF) algorithm, COMSOL-MATLAB-based co-simulation.
1. Introduction
Acoustic technology developed rapidly in recent years [1]–[5]
and especially acoustic levitation, which has a further,
broad application in several areas of technology, includ-
ing material preparation and treatment [6]–[8], biological
research [9]–[13], chemical analysis [14]–[16] and droplet
dynamics [17]–[19] while pressure measurement in an
acoustic field is essential in research into acoustic levitation.
The LDV-based acoustic pressure measurement method
is favored because of its high resolution and lack of inter-
ference to the acoustic field. In recent years, significant
progress into underwater acoustic pressure measurement
using LDV has been made. For example, Wang et al. [20]
used LDV to measure the velocity of particles in water but,
however, they did not obtain the acoustic pressure distri-
bution in the area over which they made measurements.
Lerch and Chen et al. [21], [22] used LDV to measure the
underwater acoustic pressure and even obtained data on the
variation of acoustic pressure in water and transparent solids,
as a function of time. The rapid progress in LDV-based under-
water acoustic measurement is possible because of the strong
acousto-optic effect of liquids and solids, a subject which has
been extensively studied [23]. By contrast, the method which
is used to measure the acoustic pressure in air made rather
more slow progress. Nakamura et al. [23] first used LDV to
measure the acoustic pressure distribution of a uniform acous-
tic field and following that both Koyama and Nakamura [24]
in Japan and Marco in Brazil [25]–[27] used this method
to measure the acoustic field in air, during their acoustic
levitation experiments. However, they only used the LDV
output (υLDV ) rather than the acoustic pressure distribution,
which they did not obtain. In other research, Antoni et al. [28],
Efren et al. [29], Antoni [30] deduced the theoretical for-
mulation for acoustic field measurement using LDV, where
they reconstructed a 2kHz acoustic field generated by a
loudspeaker using the velocity output and an inverse Radon
transformation. Contrasting with that approach, in this work
the relationship between the harmonic acoustic pressure and
the corresponding LDV velocity output caused by nonlin-
earity is considered. At the same time, taking into account
that the shape of acoustic pressure of a single-axis acous-
tic levitation is usually axisymmetric, a different algorithm
was used specifically to reconstruct the acoustic field, i.e.
the Hankel-Fourier (HF) transform. It is noteworthy that
Ishikawa et al. [31] even achieved high-speed imaging of
propagating sound waves using parallel phase-shifting inter-
ferometry (PPSI) with a high-speed polarization camera.
Specifically in this work, harmonic generation [25] is
taken into account in a method described by the authors,
which is used to measure acoustic pressure distribution in an
axisymmetric acoustic field. First, the simulated LDV output,
υsb and the experimental velocity output υe, are COMSOL-
MATLAB-based (CM) co-simulated and also experimen-
tally obtained. Next, the acoustic pressure prs and pe are
reconstructed by using the values of υsb and υe respectively.
Finally, the reconstructed acoustic pressure is compared with
the acoustic pressure ps obtained using COMSOL simulation.
2.    Method used to measure acoustic pressure using LDV
A. THE RELATIONSHIP BETWEEN ACOUSTIC
PRESSURE AND VLDV
LDV is often used to measure the surface vibration of solid 
or fluid flow [32], utilizing the Doppler frequency shift. 
Specifically, LDV is also used to measure the acoustic pres-
sure in air due arising from the acousto-optic effect where 
the acoustic pressure can change the air refractive index and 
the principle of measuring acoustic pressure using LDV is 
illustrated in Fig.1.
Figure 1. Principle of LDV-based acoustic measurement.
When the laser used for the LDV experiments irradiates a
fixed reflective plate and the reflective plate is not moving,
then υLDV = 0. When the laser beam passes through an
acoustic field, the acoustic pressure will change the refractive
index, n, of the air in this region. The variation of n can be
equivalent not only to a variation of1l but also to a variation
in υLDV .
When the laser beam in the LDV experiment passes
through an acoustic field, with constant acoustic pressure
amplitude P, then υLDV can be written as [23]:
υLDV = 2pi f
c20ρ0
· n− 1
n
PS
where c0, ρ0 represent speed of sound in air and the air
density respectively. S is the distance over which the laser
light overlaps with acoustic pressure field and the emitter
frequency is f .
Here the emitter or the reflector of the levitator developed
are formed into a spherical surface, and thus the acoustic
pressure is no longer constant, rendering the formula above
not suitable. Alternatively, a coordinate system is established,
as shown in Figure 1, where the variation of the refractive
index 1n(l, t) can be seen as equivalent to the virtual dis-
placement of the reflective plate 1l(t) and thus:∫ L
0
1n(l, t)dl = n·1l(t),
The derivative of t on both sides of the equation can be
described by: ∫ L
0
d1n(l, t)
dt
dl = n·υLDV (t), (1)
The relationship between the variation of air refractive index
and the volume change rate is given by:
1V (l, t)
V
= −1n(l, t)
n− 1 , (2)
The acoustic field formulation is satisfied as follows:
p(l, t)
P0
= −γ 1V (l, t)
V
, (3)
P0γ = c20ρ0, (4)
where P0 is the absolute pressure of atmosphere, γ is the ratio
of the two specific heats, p(l, t) is the acoustic pressure at a
location of l and a time of t . υLDV (t) can be obtained when
equations (2), (3) and (4) are substituted into equation (1):
υLDV (t) = 1
c20ρ0
· n− 1
n
∫ L
0
dp(l, t)
dt
dl (5)
As the acoustic pressure periodically changes in a sine (or
cosine) mode, and harmonics will be generated within a high
intensity acoustic field [25], then p(l, t) can be given by:
p(l, t) =
∞∑
m=1
pm(l) cos(2mpi ft + ϕm(l)), (6)
where m = 1, 2, 3. . . , pm(l) is the acoustic pressure ampli-
tude for the mth harmonic at l. υLDV (t) can be rewritten as:
υLDV (t) = m · η
∫ L
0
∞∑
m=1
pm(l) sin(2mpi ft + ϕm(l))dl, (7)
where η = 2pi f
c20ρ0
· n−1n ,
When a standing wave is formed in an acoustic field,
the amplitude of υmLDV corresponding to each harmonic can
be expressed approximately as:
υmLDV (t) = m · η
∫ L
0
pm(l) sin(2mpi ft + ϕm(l))dl, (8)
It is known from equation (8) that υLDV (t) is proportional
to the integral of the acoustic pressure over the laser beam
path, L. Furthermore, the influence of the harmonic genera-
tion on υLDV is taken into account, which was not considered
in previous work reported in the literature [23], [25]. It should
be noted that only the relationship between υLDV fundamental
component υbLDV and acoustic pressure fundamental compo-
nent pb are verified in this work.
B. RECONSTRUCTION OF AN ACOUSTIC FIELD
USING HF ALGORITHM
The pressure of an axisymmetric acoustic field can be calcu-
lated using the HF algorithm according to υLDV [33], [34].
This process has been termed acoustic field reconstruction
by the authors. In general, as the emitter and reflector of
a levitator are kept along a central axis, an axisymmetric
acoustic pressure distribution is generated where the struc-
tural parameters of the levitator developed are shown in Fig.2.
Figure 2. Structural parameters of the levitator.
Circular plane B is one of the measured planes, as is also
the plane of the incident laser beam, which is perpendicular
to plane A and the intersection in the r axis. Furthermore,
plane A passes through the Z-axis.
The relationship between the acoustic pressure at plane B
and υLDV is shown in Fig.3. In order to obtain the distribution
of the acoustic pressure on plane B, this plane is divided
into successive rings, of width increment 1r . Thus it can be
visualized that the (N+1) laser beam elements pump along
the inner boundary of each ring, in parallel, as shown in
Figure 3. It is noted that the acoustic pressure distribution is
symmetric about the center, thus the laser scanning direction
can be in any direction.
It is known that the LDV output υLDV (i1r) can be
expressed using the curve shown in Fig.3 when the plane B
Figure 3. Relationship between acoustic pressure of plane B and VLDV .
is monitored, responding to equation (8). It is important to
note that L refers to the border of plane B, which means that
υLDV (i1r) can be obtained by a knowledge of the acoustic
pressure, p(i1r) and the border of the plane B in the acoustic
field. In other words, the acoustic pressure, p(i1r) can also
be calculated using υLDV (i1r) and the position of the border
of the acoustic field. This method of acoustic pressure calcu-
lation is termed the reconstruction of the acoustic field in this
work.
Further, p(r) of plane B can be expressed [33], [34]:
p(r) = 1
2pi
HaT−1[R(u)] = 1
2pi
∫ +∞
0
R(u) · u · J0(ru)du
where, u is spatial frequency,
u = 2N+1r , 1u = − 2N+1r2 1r , 1r = r2N+1 .
R(u) is the spatial Fourier transform.
R(u) = FT [υLDV (r)
η
] = ∫ +∞−∞ υLDV (r)η e−jrudr .
J0(·) is the zero Bessel function.
HaT−1[·] represents the inverse Hankel transform.
p(r) of plane B which can be written.
p(r) = 1
2pi
∫ +∞
0
[
∫ +∞
−∞
υLDV (r)
η
e−jrudr] · u · J0(ru)du
= 1
2pi
∫ +∞
0
[
∫ +∞
−∞
υLDV (r)
η
cos(ru)dr] · u · J0(ru)du
Therefore,
p(i1r)= 1
η2pi (2N + 1)21r
N∑
m=−N
×
{
υLDV (m1r)
N∑
k=0
[cos(
mk
2N + 1)kJ0(
ik
2N + 1)]
}
(9)
where i varies from 0 to N, υLDV (m1r) is measured using
LDV at the position m1r , and thus the acoustic pressure
within the acoustic field can be obtained. υLDV which is
obtained can be used to calculate the acoustic pressure,
according to equation (9), this being termed the HF-based
reconstruction of the acoustic field in this work.
It is noted that m is the number of LDV laser scanning
points and 2N + 1 = 121 in this work. In order to calculate
the pressure at the position i1r in plane B, υLDV (m1r) is
written as a full matrix C of size 1 × 121. As the radius of
the plane B is 30mm and 1r = 0.5mm, N = r
1r = 60.
N∑
k=1
[cos( mk2N+1 ) · k · J0( ik2N+1 )] can be rewritten as a matrix D
of size 121×1. Therefore, the pressure at i1r can be obtained
using matrices C by D thus developed.
3. Experimental Setup
In the experiment set up, the acoustic field was gen-
erated between the emitter and the reflector by using
the Langevin-type transducer developed, at a frequency
of 21033Hz. All the structural parameters are shown in Fig.2.
The distance between the reflector and the emitter is given
by H where the transducer is powered using a power supply
developed for it.
Figure 4. Schematic of the experimental set-up used in this work.
A schematic of the experimental set-up is shown in Fig.4.
H is adjusted by using the electrical actuator (Harmonic,
Japan) using C#-programming with a step size of 3µm to
achieve the third mode, during the experiments. The LDV
system (Polytec, Germany) comprises a PSV400 Scanning
Head and an OFV-5000 controller. The corresponding soft-
ware used with the LDV are PSV Acquisition for the basic
measurements and PSV Presentation for the data processing.
As a result, υLDV from the PSV400 Scanning Head is Fast
Fourier transformed to υbLDV (without needing to develop
further specific software). υbLDV is equivalent to the velocity
of the reflective plate and this satisfies the relationship in
equation (9). Although the PSV400 Scanning Head could not
be moved, the (2N + 1) scanning laser beams considered
are approximately parallel, due to the fact that the distance
between the Head and the measured acoustic field is much
greater than that between the reflective plate and the acoustic
field. The spacing distance between the two adjacent scan-
ning laser beam elements is 1r = 0.5mm (where this can be
calibrated using the mesh on the reflective plate).
4. Experiments and Simulation
A. υeb DISTRIBUTION MEASUREMENT AT SERIES
OF LEVITATION MODES
During the experiment, the LDV set up was used to measure
υLDV along a plane where Z= −9mm (where the pressure
reaches the peak), and recorded as υeb. It is noted that υeb
is obtained by experimental measurement and the acoustic
pressure is calculated using the value of υeb, and recorded
as pre. Meanwhile, υsb is obtained by simulation and the
acoustic pressure is calculated using υeb, recorded as υsb.
By changing H until the maximum value of υeb is used,
the levitation modes from the 2nd to the 5th are found when H
has values of 19.04 mm, 27.94 mm, 36.84 mm and 45.50 mm,
which are well suited to the simulations carried out.
The longitudinal distribution of υeb at each levitation mode
is shown in Figure 5. It should be noted that red colored part
in the figure indicates a large value of υeb. and its shape is
similar to that of the acoustic pressure.
Figure 5.  υeb distribution at each levitation mode, f =21033Hz,
the distances between the emitter and the reflector are 19.04mm, 
27.94mm, 36.84 mm and 45.50mm respectively. Graphs (a) to (d) are the 
2nd, the 3rd, the 4th and the 5th levitation mode respectively.
B. COMPARISON OF υSB with υeb
The acoustic pressure at the 3th levitation mode, ps, is
obtained by using the COMSOL-based program in this
section. When υsb is calculated using ps, (which is in accor-
dance with equation (8) (m = 1)), finally, υsb and υeb are
compared under the conditions where all the experimental
parameters are set to be directly comparable with those in the
simulations, to allow a close comparison to be made.
Figure 6. Schematic of the acoustic pressure simulation in the 
axisymmetric acoustic field.
As shown in Figure 6, only the right hand side (region S)
need be simulated in this work (due to the symmetrical dis-
tribution of the acoustic pressure). Here the emitter surface
is the Normal Displacement A0, the reflector surface is the
Sound Hard Boundary and the side boundary is the Plane
TABLE 1. The parameters set during the simulation.
Wave Radiation. The parameters set during the simulation
are shown in Table 1. Since the vibration amplitude of the
emitter surface is 0.396µm in the actual measurement, this
parameter in the simulation is set to 0.4µm, to match with
the experiment. The acoustic pressure distribution for other
vibration amplitudes can be acquired just by multiplying the
corresponding constant with the acoustic pressure distribu-
tion obtained here [25].
It is known from equation (8) that υbLDV can be approxi-
mately calculated as follows:
υbLDV = η
L∫
0
pb(l)dl, (10)
where pb(l) is an acoustic pressure amplitude at location,
l in the scanning plane A. Plane A is scanned 81 times in
the R direction, due to it being 40mm in length (with a
0.5mm spacing). Meanwhile, it is scanned 36 times in the Z
direction (due to it being 18mm in height with again a 0.5mm
spacing). The three-dimensional acoustic pressure pb(l) is
obtained by rotating the acoustic field, shown in Fig.6, which
is saved in a file (type aspr.absp in the MATLAB-COMSOL-
based simulation program). The integral of pb(l) is achieved
by using a function in COMSOL. L is the boundary of the
measured acoustic field, which is distinguished automatically
in the program. The υsb distribution along the longitudinal
section of the acoustic field is shown in Figure 7(a), where
here H is shown in the third levitation mode.
The distribution of υeb on the same longitudinal section
is obtained by experiments carried out where the emit-
ter vibrates at an amplitude of 0.396µm. The laser pumps
through and strikes vertically plane A, as shown in
Fig.2 where here the reflective plate is chosen as the reference
plane. The scanning mesh is drawn on on the reference plane
and the laser beam is made to focus at each point automat-
ically. The υeb distribution, shown in Figure 7(b), can be
obtained directly since the experimental software PSV has the
ability to carry out a FFT (Fast Fourier Transform). It can be
seen that the experimental results obtained match well with
those from the simulation, in terms of the overall shape and
other details of the results obtained.
In order to verify the degree of fit between the simulation
and experimental results, they are compared at four repre-
sentative cross section values (i.e. along plane B at different
Figure 7.  υbLDV distribution on the longitude section of the acoustic 
field at the 3rd levitation mode, (a) the simulation result, (b) the 
experimental result.
locations) in the acoustic field. In Figure 7(b), it can be seen
that υeb reaches its maximum around values of Z= −9.5mm
and R=0. The minima appear at Z= −5.5mm, Z= −14mm,
Z= −22.5 and R=0, termed the acoustic pressure nodes. As a
result, two typical planes where Z= −9.5 and Z= −5.5 are
used by the authors for cross comparison.
Figure 8.  υbLDV comparison between the simulation and the 
experiment on the two typical cross sections.
As shown in Figure 8, the dotted and continuous lines
represent the experimental and simulation values of υbLDV .
Respectively, where it can be seen that both are similar in
shape, but deviate to a certain extent one from the other.
In fact, it is difficult to achieve a very close match between
the simulation and the experimental results, for the following
reasons. The parameters used in the simulation and experi-
mental parameters are not exactly the same as the simulation
Figure 9. The comparison between the HF-based reconstructed prs and 
COMSOL simulated ps.
is carried out under ideal conditions: such as not considering
factors such as the air friction, temperature and several other
physical factors. The term c20 in equations (7) and (9) shows
that the calculated result for the acoustic pressure would be
sensitive to even a small variations in c20. Generally, the sound
speed will increase by 3m/s as the temperature increases by
5◦C and the corresponding acoustic calcualtion result would
then deviate by 1.8%, which illustrates how the acoustic pres-
sure is sensitive to temperature changes not taken into account
in themodel. The simplification of the experimental set up for
the simulation, for instance, where the phase of the acoustic
pressure along the laser path is considered to be same and
the scanning laser beam is assumed to be parallel reflect the
differences in the two sets of results. Other factors not taken
into account in the simulation, such as acoustic streaming,
may also affect the comparison with the experimental results.
C. ACOUSTIC FIELD RECONSTRUCTION BASED
ON HF ALGORITHM
The acoustic field is reconstructed based on the HF algorithm
in this work by using υsb from the simulations and υeb from
the experimental results, in order to verify the effectiveness
of this method.
1) RECONSTRUCTION RESOLUTION OF HF ALGORITHM
UNDER THE SIMULATION CONDITIONS
First of all, the HF algorithm is applied to process the υsb
data along the planes where Z= −5.5mm, −9.5mm and
−14.5mm i.e. υsb data are substituted into equation (9). As a
result, the acoustic pressure, prs is determined and which is
then compared with the COMSOL simulated acoustic pres-
sure values given by ps. It is shown in Fig.9, in which the con-
tinuous curves represent the calculated prs values, while the
symbols o,+, and× represent the directly simulated acoustic
pressure ps values. The outputs show excellent agreement,
as can be seen.
The relative errors between reconstructed (calculated) and
simulation acoustic pressure data are shown in Figure 10.
The green, red and blue curves in the figure represent
reconstructed acoustic pressures at Z= −9.5mm, −5.5mm,
and −14.5mm respectively. It can be seen that the error in
the reconstructed values can be controlled with in ±0.07.
Figure 10. Relative error between reconstruction and simulation 
acoustic pressure.
The acoustic pressure reaches its maximum at the plane
where Z= −9.5mm. Its reconstruction error is within±0.01;
however, two planes at Z= −9.5mm and Z= −14.5mm
(where the acoustic pressures reach the minimum) have a
poorer reconstruction of the values and thus a larger error.
This is due to the fact that the acoustic pressure at the side
boundary is ignored during the process of the reconstruction,
(but in effect it is of the same order of magnitude with that of
the twomeasured planes). As a result, the reconstruction error
and the comparison between the calculated and the simulation
results are relatively large.
2) EXPERIMENTAL RECONSTRUCTION EFFECT
In order to verify the precision of the acoustic pressure
measured by using the LDV approach, two representative
planes (at Z= −9.5 and Z= −5.5) are chosen to recon-
struct the value of the acoustic pressure by using the HF
algorithm, allowing then the reconstructed pressure pe to be
compared with the result of the COMSOL simulated acoustic
pressure ps.
For the convenience of comparison, the reconstructed and
COMSOL simulated acoustic pressures were normalized and
are shown together in figure 11(a). Here the continuous line
represents the pressure reconstructed using υeb achieved from
the HF algorithm, according to equation (9). The cross marks
in the figure represent the data for the acoustic pressure,
obtained by using the COMSOL simulation. In graph (b) of
the figure, the curves illustrate the relative deviation between
the reconstructed experimental and the simulated results.
It can be seen that the experimental and simulated results
are in good agreement, with their relative error of no more
than 4%, when the maximum acoustic pressure occurs at
Z = −9.5mm. However, the relative error rises to 20 %
when the minimum acoustic pressure is experienced at
Z= −5.5mm. As has been seen from Section 4.3.1, the HF
algorithm itself has caused a reconstruction error at a value
of Z= −5.5mm.
Furthermore, even if the transducer is assumed to vibrate
at a particular frequency, high harmonics still occur within
the acoustic field, (which arises from a nonlinear phe-
nomenon [25]). LDV can be used to measure those harmonics
Figure 11. The comparison between the normalized reconstructed 
acoustic pressure pre and COMSOL simulated ps under the following 
experimental conditions: (a) is normalized acoustic pressure of 
simulation and experimental reconstruction and (b) is normalized 
reconstruction error under the experimental condition.
Figure 12. LDV output distribution of the levitation cavity at the 
2nd levitation mode, (a) is fundamental frequency and (b) is the 
2nd harmonic.
and Figure12 shows a comparison of the fundamental
and second harmonic patterns at the second levitation mode.
A further study of this will form future work.
5. Conclusion
LDV-based acoustic pressure measurements, targeted
towards acoustic field determination has been the subject
of this work. The influence of the harmonics generated
in the acoustic pressure distribution has been taken into
account. In summary, COMSOL-MATLAB-programming
has been used to simulate υsb within the acoustic field,
at the 3rd levitation mode. Then, υsb is compared with υeb,
obtained using experimental methods and good agreement is
obtained between the results of the simulation and those of
the experiments.
Secondly, using the approach presented, the acoustic field
is reconstructed at typical planes (of Z= −9.5mm and
Z= −14.5mm) using MATLAB programming to obtain
υsb and υeb. The reconstruction error arising in comparing
the outcomes of experiment and simulation are within 7%
and 20% respectively, when reconstructing the acoustic field
using υsb and υeb. The method applied can also be used
to realize shape recognition of non-axisymmetric acoustic
fields, where only the acoustic field reconstruction algorithm
is different.
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